Citrinin, a fungal metabolite, was first isolated from Penicillium citrinum in 1931 1 and has been detected as a natural contaminant of wheat, rye, barley, oat and Monascus. In fact, the mycotoxic citrinin is a secondary metabolite, which is produced by several fungal species of the genera Penicillium and Aspergillus. This mycotoxin, which could be present either naturally or artificially, at enhanced levels, may cause a public health problem, 2-5 such as the "yellowed rice" problem in Japan. Thus far, several TLC multi-mycotoxin methods have been proposed, but they exhibit relatively low sensitivities. [6] [7] [8] Reversed-phase HPLC methods with either UV absorbance or fluorescence detection have also been applied. [9] [10] [11] At this time, GC/MS is currently a reliable method of detection in many fields. However, the majority of mycotoxins are not volatile and must be derivatized in order to make them amenable to GC. 12 Even though several derivatization methods have been developed, this procedure is frequently time-consuming and is sometimes lacking in specificity.
Introduction
Citrinin, a fungal metabolite, was first isolated from Penicillium citrinum in 1931 1 and has been detected as a natural contaminant of wheat, rye, barley, oat and Monascus. In fact, the mycotoxic citrinin is a secondary metabolite, which is produced by several fungal species of the genera Penicillium and Aspergillus. This mycotoxin, which could be present either naturally or artificially, at enhanced levels, may cause a public health problem, [2] [3] [4] [5] such as the "yellowed rice" problem in Japan. Thus far, several TLC multi-mycotoxin methods have been proposed, but they exhibit relatively low sensitivities. [6] [7] [8] Reversed-phase HPLC methods with either UV absorbance or fluorescence detection have also been applied. [9] [10] [11] At this time, GC/MS is currently a reliable method of detection in many fields. However, the majority of mycotoxins are not volatile and must be derivatized in order to make them amenable to GC. 12 Even though several derivatization methods have been developed, this procedure is frequently time-consuming and is sometimes lacking in specificity.
To overcome these limitations, a cold on-column injection technique coupled with GC/MS was developed for the direct analysis of metabolites produced by several Fusarium organisms without any chemical derivatization. 13 In this study, we report on a new and highly sensitive method for the detection of citrinin in Monascus using GC-selected ion monitoring (SIM) mass spectrometry. This method, which does not require a derivatization procedure, was successfully applied to the analysis of citrinin in commercial Monascus products.
Experimental

Citrinin standard and reagents
Commercially pure citrinin [IUPAC: (3R,4S)-4,6-dihydro-8-hydroxy-3,4,5-trimethyl-6-oxo-3H-2-benzopyran-7-carboxylic acid] and chloroform (99 + %) were purchased from Sigma (St. Louis, MO, USA). Six commercial samples of Monascus red rice were acquired from various drugstores in Taipei, Taiwan.
Apparatus
A gas chromatograph (GC 5890 Hewlett-Packard, Avondale, PA, USA) equipped with a mass spectrometer (Hewlett-Packard 5973 mass selective detector) was used. A capillary column (30 m × 0.25 mm i.d.) with a piece of HP-5MS (cross-linked 5% PH ME siloxane) bonded stationary phase film 0.25 µm thickness (Agilent Technologies, USA) was used. The inlet temperature was maintained at 200˚C. The column oven was held at 70˚C for 3 min, then programmed from 70 -280˚C at 15˚C/min and, finally, held for 5 min. Helium carrier gas was used at a constant flow-rate of 1 mL/min without splitting mode. Data were collected using the Hewlett-Packard Chem-Station software. The mass spectrometric conditions were as follows: SIM mode; ionization energy, 12 eV; ion source temperature, 230˚C. The mass selective detector was operated in the SIM mode at a scan rate of 1.25 scans per second.
Liquid-liquid extraction procedure
Monascus samples were finely ground and 2 g of the resulting powder was extracted with 2 mL of chloroform. After 15 min of sonication and a 5 min centrifugation at 5000 rpm at room temperature, the upper layer was filtered through a 0.45 µm syringe filter and then degassed for 5 min. For each experiment, a 1.0 µL aliquot of the chloroform solution were injected onto the GC/MS.
Results and Discussion
GC-SIM analysis for citrinin
The total ion chromatogram (TIC) of the citrinin standard is shown in Fig. 1 . When analyzed by GC/MS in the electron impact (EI) mode, the detected peaks with retention times of 12.32 and 15.50 min did not provide for a specific characterization of citrinin, as shown in Fig. 1 
inset (a) and (b).
In fact, all of the elutes along the time axis were derived from citrinin, but most of them did not reveal sufficient information about the parent ion of citrinin. They were produced either by thermal decomposition during the separation process or by electron impact during the detection process. This is probably the reason why there are no reports on the direct analysis of citrinin without derivatization, which is required for most mycotoxins. 13 However, we found that the peak with a retention time of 10.89 min represents a potentially useful location for the direct identification of citrinin because of some specific fragmentations, such as m/z of 220 and 205, etc., as shown in inset (c) of Fig. 1 . In order to understand and characterize these peaks, we used the commercially available computer software Mass Frontier 1.0, which was obtained from HighChem, Ltd. (http://www.highchem.com, Slovakia), to perform some calculations and predictions. All of the possible fragmentation mass spectra were automatically predicted and suggested by this program when the chemical structure of citrinin was entered (in EI mode). Based on the computer calculation, numerous situations were found to be possible. As a result, we selected 5 prominent fragmentation peaks (m/z of 220, 205, 177, 105 and 91) as markers. A portion of the predicted fragmentation pattern of citrinin is shown in Fig. 2 . Herein, when analyzed by SIM mode using these 5 prominent ions, a single peak with a retention time of 10.89 min appeared, as shown in Fig. 3 . It is obvious that this method is able to efficiently simplify the chromatogram and provide a single peak for identification. Herein, the concentration of citrinin was 10 ppm. Other series of different m/z values, e.g. m/z = 220, 205, 189, 177, 161, 149, 105 and 91 (based on computer suggestions), were also selected and the results showed that the same peak was detected, even though the height of the peak was not exactly the same. Figure  4 illustrates the selected ion current profile for citrinin standards over a concentration range 1 -10 ppb. The detection limit was 0.6 ppb (S/N = 3). The GC-SIM technique clearly provides a simple and sensitive method for the determination of citrinin. The inset in Fig. 4 shows the relationship of the inlet temperature of the GC injection port and the relative ion currents. We found that the inlet temperature, when maintained at 200˚C, provided better detection limits of citrinin. Therefore, in all of the following experiments, the inlet temperature was set at 200˚C.
Analysis of actual samples
Figure 5(A) shows the total ion chromatogram profile for the Monascus extract of the drugstore I product. We found a tiny peak with a retention time of 10.89 min. With the SIM profile, this peak could be simplified, as shown in Fig. 5(B) . The inset shows the corresponding mass fragmentation spectrum. Based on the calibration curve in the range of 1 -100 ppm, the concentration of citrinin in this Monascus was determined to be 25.1 ppm. We also found that the concentration of citrinin in Monascus was dramatically decreased after boiling in water (~100˚C), as shown in the Fig. 5(A) inset. After about 20-min of heating, the concentration of citrinin can be decreased by 50%. Table 1 shows a summary of 6 Monascus samples which were randomly purchased from different drugstores in Taipei. Citrinin can be detected in all of the 6 commercial Monascus samples at concentrations varying between 4.2 to 25.1 ppm. Citrinin is known to be a hepato-nephrotoxin in a wide range of species, even though reports on its mutagenicity and genotoxicity were controversial and, in short-term mutagenicity tests, citrinin was found to be negative. [14] [15] [16] 284 ANALYTICAL SCIENCES MARCH 2002, VOL. 18 
Precision: MS analysis by pattern recognition
This section describes an approach involving the recognition of patterns of mass spectral lines, which are produced as a result of GC-separated analytes. The pattern recognition provides a method for the prediction of chemical structure and can be applied to samples that have not previously been examined. 17 Indeed, when a complete mass database is available, a sample molecule can be accurately identified using the mass spectral data accumulated for a series of authentic compounds. However, without the derivation procedure, a mass spectrum of citrinin has not been reported by GC/MS. Herein, we used the method of pattern recognition to describe the similarity of two GC elutes, both of which had the same GC retention times. In order to correlate the mass spectral features of two different GC-separated analytes, a cross correlation factor (CCF) is calculated between the mass spectra obtained from the GCseparated citrinin standard and the Monascus extract, both at 285 ANALYTICAL SCIENCES MARCH 2002, VOL. 18 where An is relative strength of the mass spectra and Dn the deviance. If the CCF value is close to unity when the mass spectral feature of the standard is similar to that of the reference; CCF = 1 when CCF is calculated between two of the same molecules. In contrast, the CCF value is close to zero when the spectral features are completely different from each other. The CCF value was calculated using Microsoft-Excel on a personal computer. The spectral data used were the values of m/z and their related intensities. In Fig. 6 , frame (A) shows mass spectra of a citrinin standard (spectrum a) and a Monascus extract (spectrum b) detected at 10.98 min; frame (B) shows the same GC-separated analytes detected by the SIM modes (m/z of 220, 205, 177, 105 and 91). As a result, the values of the CCF of frames (A) and (B) were 0.84 and 0.94, respectively. In the other words, the similarity of the TIC mode was 84%, whereas the similarity was increased to 94% when the SIM mode was selected. Therefore, we assigned the peak detected at 10.89 min in Monascus extracts to citrinin. were selected as markers. The detection limit of citrinin was ~1 ppb. The GC-separated analyte from Monascus extract was examined by pattern recognition. The similarity of the citrinin standard and the GC-separated analyte of Monascus extract was 94%. 
Conclusions
